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Abstract
Corrosion casting and viewing of replicas with
the scanning electron microscope is an excellent way
to study the microvascular
structure
of the lung.
This method can demonstrate
aspects of the threedimensional relationships,
branching patterns,
maximum diameters,
arterio-venous
connections,
unusual
sized and shaped capillaries,
development and growth,
neovascular
structures
and changes in development
and disease better than any other means.
Comparisons can be made in many experimental
conditions
and fundamental
information
obtained
to answer
physiologic
questions.
This paper reviews how the
lung microvasculature
has been studied by corrosion
casting and scanning electron microscopy and indicates new areas where investigation
might be pursued
in lmmans and laboratory
mammals.
Although this
technique has already greatly expanded our perception of the microcirculation,
it should continue to be
developed and become an even more valuable tool to
study questions about the pulmonary vascular system.

of Medicine,

Casting of biological structures
have been used
for many years (23,40,51,53,55,57,58,62,63,65,66,82).
In 1661, Malpighi reported
injecting
various substances, including mercury, into the pulmonary artery
to study the three-dimensional
features of the lung
circulation
(57).
Ink often mixed with gelatin or
latex has been used to help delineate the three-dimensional aspects of blood vessels ( 7 2). Sc hlessinger
put barium in gelatin to make a radiopaque
medium
that showed vascular
relationships
by radiography
(76), a method that has since been used widely to
study the lungs (38,39,81,83).
Although gelatin
passes into capillaries
(1) the barium mixture does
not fill small vessels well and is not able to withstand the electron beam.
Many other opaque materials, such as Microfil, a silicone rubber, have been
used to visualize the pulmonary blood vessels.
The
casts have been dissected
or the surrounding
lung
tissue has been corroded
or rendered
translucent
with a clearing
agent such as methylsalicylate
or
glycerin (14,23,80).
Krahl made vinylite casts of the
pulmonary vasculature
and showed that the angles at
which veins branched were not as sharp as those of
arteries
( 50) •
The study of avian lung by Nowell and colleagues was the first to view the replicated
vasculature in the scanning electron microscope (68). This
group used different latexes for the airways and pulmonary arteries and showed the relationships
between
the two systems (69).
In a later work they used
Microfil and found that the pulmonary vasculature
did not fill as well after the airways were distended
(70).
Frasca and colleagues further refined the use
of latexes
for the scanning
electron
microscopic
study of lung vasculature
with a Geon vinyl chloride
mixture (20).
Murakami developed methyl methacrylate, a sturdy
plastic
that can better
withstand
electron bombardment than the latexes (64).
Modifications of methacrylate
are now the casting materials used most often.
One of these modifications,
prepolymerization
(24 ,65), decreases
shrinkage
and
gives stable replication
of structures
as small as 260
nm in height (89).
Technique
The physical
properties
of different
casting
materials
have been reviewed by Weiger and colleagues (89).
Although the methacrylate
casts produce excellent replicas,
further study about the
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cause edema than Ringer's solution (1,23).
The importance
of the temperature
of the rinsing solution
is unknown.
Investigators
use solutions from room
temperature
to 55° C (53).
Warmed lavage fluid
causes the casts to harden
sooner (53) and may
cause vasodilatation,
but no study has assessed vascular
filling
with rinsing
solutions
of different
temperature.
It is also not clear if the beneficial
effect of warm rinsing
is lost if fixative
is later
instilled
at room temperature.
Many investigators
use vasodilators
to help
remove cells (53), but their value in the lung is
unknown,
because
normal pulmonary
arteries
are
relaxed (dilated) under atmospheric conditions.
However, if the vasculature
is cleared by exsanguination,
the resulting
ischemia might constrict
the pulmonary
vessels.
Interestingly,
glycerol
has been used to
cause vasoconstriction
to study the vascular tone of
the systemic
arteries
(25), but its effect on the
pulmonary circulation
is unknown.
The lungs may be fixed by infusing agents into
the trachea or through the pulmonary blood vessels.
If the lung is filled with a 10% formaldehyde
solution at 25 cm of water pressure
the airways distend
to about the size they are at total lung capacity
(35).
At this inflation the alveoli are open and the
alveolar walls are separate,
but the internal
elastic
laminae of the pulmonary
arteries
remain partially
crenated ( 34). The density of blood vessels measured
depends on the tissue preparation.
Fixation through
the airway gives a low measurement
of capillarity.

factors
affecting
shrinkage,
filling,
viscosity,
hardening,
brittleness
and storage would be helpful
to improve this science.
Too little is also known
about the interaction
of the endothelium
and the
casting
medium (52), although methacrylate
makes
good contact with endothelial
walls by pushing aside
the aqueous fluid present (89) (figure 1). Commercially
available
methacrylate
compounds
include
Mercox(R) and modified Batson's compound number
17. Mercox(R) with its high amount of prepolymerization has a high viscosity,
about 2 7 centipoise ( c P),
or 30 times that of water and at least 10 times that
of blood.
However, its shrinkage is small; it hardens
quickly
and has many desirable
properties
(89).
Araldite has been used as a casting material and has
the advantage
of having a viscosity
similar to that
of blood (33).
High viscosity
resins may not fill
distal capillaries
well, but excessive
pressure
is
dissipated
in moving the viscous
material so that
capillary
rupture
rarely
occurs.
Filling can be
improved by adding one part of methacrylate
monomer to four parts Mercox(R) (89) or Batson's compound (67).
The viscosity
is decreased
to about 12
cP (89), but shrinkage is increased,
and if more than
20% of the monomer is used, polymerization
may not
occur (53).
Casting begins with vascular lavage to clean the
erythrocytes
and other cells from the lumen of the
blood vessels.
However, in the lungs of living animals the hemodilution caused by rinsing may produce
edema (26,58).
Saline rinsing may be less likely to
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Casting gives a high density because the vessels are
open and expanded.
Postmortem tissue also has an
apparent increased vascular density because the vascular wall does not resist intravascular
pressure
as
well after death (34), although a systematic study of
this has not been carried
out with casting.
The
study of routine postmortem
samples (12 to 24 h
after death) has not yielded as good a quality cast
of the pulmonary or bronchial circulations
as experimental animals ( Sc hraufnagel and Wang unpublished).
Different fixatives have been used for microcorrosion casting (37,48,49,53, 77). The most common are
glutaraldehyde
2. 5 %, formaldeyhyde
10%, glutaraldehyde 0.5% and nothing.
Using no fixative might have
the advantage of avoiding shrinkage
caused by the
fixative (56, 59,60, 73). However, methyl methacrylate
may damage unfixed endothelium
causing increased
permeability
(19).
Methacrylate compounds fill all compartments of
the vascular tree (figure 2). Injecting into a catheter threaded
up the inferior
vena cava from the
abdomen to the right ventricle
casts the lung in the
closed thoracic cavity and preserves the shape of the
lungs at functional residual capacity or, if pressure
is applied to the trachea,
to the level of expansion
that they are inflated.
However, applying as little
as 2 cm of water pressure
to the trachea,
decreases
vascular filling with undiluted Mercox(R) and causes
a problem because morphometric
measurements
are
made on lungs inflated
to 25 cm water pressure.
Casting immediately before inflating improves filling
but may create folds along the long axis the capillary casts (79). Although the creases are artifactual,
they may show shape changes
of inspiration
and
should be studied further.
An important criticism of casting is that filling
may not be complete.
This may be critical
if the
most affected areas (areas of interest)
do not fill.
With casting, as with any other research method, investigators
should remain skeptical of their findings,
look for alternative
explanations
and use adjunctive
methods to corroborate
them.
Observations
and
measurements
should always be done in a blinded
manner.
Filling can be assessed by comparing weights
and volumes of the specimens before and after digestion (53).
In normal animals about a third of the
specimen weight and volume will be from the cast.
Another method for comparing filling is estimating
the vascular
density
by morphometry
or image
analysis (79).
The presence
of nonconnecting
capillary
segments (blind ends) has been considered
a sign of
poor filling (53). However, blind ends may represent
capillary
remnants seen with alveolar fragmentation
in emphysema, thrombosis
( 48,49) seen in many lung
diseases
or capillary
buds seen in angiogenesis.
Compared to normal lung capillaries,
we found them
increased
in lung fibrosis (77) and emphysema (79).
The pressure
applied to the syringe to inject
the casting material is more related to the viscosity
of the resin than to the transmural
pressure
on the
capillary wall. The lung is unique in that its capil laries are adjacent to the alveolar airspaces which do
not exert a strong opposing pressure,
so high pressure on the capillary
walls causes them to rupture.
Although the presence of plastic in the alveoli indicates the injecting
pressure
was too great, it might
also show increased capillary fragility ( 9). Different

Casting

techniques
have been used to digest the lung, but
investigations
have not emphasized methods.
We use
12 N NaOH to macerate
the lung until the cast
appears clean under a dissecting
microscope.
This
usually takes about 4 weeks, but most investigators
report less time. Casts of the lungs of animals given
intratracheal
elastase 30 days before death became
clean
sooner
than normal lungs
suggesting
the
elastase may have broken down essential
proteins.
There has been no study on the effect of fixation on
digestion.
Viewing casts can occasionally
be a problem
because methacrylate
is not a conductive medium (DC
resistivity
is greater
than 1014 ohm-cm) (87) and
requires
coating to enhance conduction.
The casts
of the vasculature
of the lung like those of other
organs (53,65) can be viewed with low voltage, which
is associated with less charging artifacts and chance
of damaging the specimen
surface.
Methodologic
problems
underscore
the need for controls
and
comparative
studies.
Even if the best methods are
not yet established,
differences
between the test and
control
groups
may be significant
if both are
processed
alike.

Figure 2. The cast of a normal rat lung.
Soaking
m alcohol for 15 minutes softens it so that it can be
cut evenly.
Bar = 1 cm.
Normal Anatomy
The lung has two circulations,
the pulmonary
and bronchial.
The pulmonary trunk arises from the
right ventricle
and the bronchial arteries arise from
branches
of the aorta to supply the walls of the
pulmonary
vessels,
the airways
to the terminal
bronchioles,
lymph nodes and nerves.
The bronchial
arterial blood that supplies the hilar structures
is
returned to the heart by the bronchial veins, but the
rest of the bronchial blood flows to the pulmonary
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Figure 3. The large conducting
blood vessels
than the pulmonary artery (pa) and pulmonary
airways (A).
Bar = 100 µ m.
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of the lung of a rat.
The bronchial arteries
(b) are smaller
vein (pv).
The pulmonary and bronchial arteries lie next to

Figure 4. The capillaries
on the alveolar surface (Alv) are distinct from, but connected to, capillaries
of the
bronchovascular
bundle (B) and pleural surface (Pl). This rat had elastase-induced
emphysema.
Bar= 100 µm.
veins
(12,13,62),
although
the connection
of the
bronchial
arteries
to pulmonary veins has not been
completely
established.
The pulmonary
arteries,
bronchial
arteries
and bronchi course together and
are found in the center of the lung lobules (figure
3). The veins reside away from the arteries between
the lobules (34,62,84).
In addition to the conventional arteries running with the bronchial tree, Elliot
and Reid showed that at least an equal number of
"supernumerary"
arteries do not follow this expected
course (17).
The bronchial
circulation
is important in fatal
hemoptysis,
neoplasm,
bronchiectasis
(13,58) and,
recently,
lung transplantation
( 42).
Bronchial
dehiscence
has been a major problem when a single
lung· is transplanted,
but not when the heart is
transplanted
with the lungs because the collateral
circulation
from the coronary vessels to the bronchial system (18) is enough to keep the large structures
from becoming necrotic
(43).
Single lung
transplantation
may be more successful
when the
vascular
pleura or omentum is wrapped around the
transplanted
trachea
to facilitate
new capillary
growth (42).
Casting studies could show the contributions of the pulmonary and bronchial circulations
in revascularizing
the transplanted
organs.
The scanning electron microscopy study of casts
gives a different view of the pulmonary vasculature.
It is in three dimensions
and has great depth of
field, but familiar landmarks
are gone.
Large arteries and veins are described as conducting vessels
and smaller vessels are termed "distribution
vessels"
because they distribute
the blood to the capillaries
(figure 3).
In the systemic circulation,
the large
arteries
have elongated oval impressions,
caused by
endothelial
cell nuclei, running with the long axis of
the vessels.
The veins have more round indentations
with no strict
orientation
( 40).
It is not clear
whether the difference
in the vessel walls results
from different structures
of two different endothelia,
the thickness
of the media or the pressure
under
which each system operates.
It is possible that the
pressure
applied to the fixative or casting material
may be important.
This topic should be studied
further in the pulmonary circulation
which has lower
pressure
and thinner
walled vessels.
It would be
interesting
to compare the nuclear patterns
of the
normal and hypertensive
pulmonary vasculature.
In
addition to tracing the circulation_ from large vessels
downward, using different resins or adding substances
to the casting material might be useful if the substance could be contained
in either the arteries or
veins (62).
If heavy metals were added, the casts
could be viewed with backscattered
electron imaging
or x-ray energy dispersive spectrometry
(23). Particles greater than the diameter of the capillaries
can
be put into the resin and injected into the artery to
distinguish
arteries
from veins ( 91).
Abdalla used
lycopodium spores with a diameter of 33 µ m to distinguish pulmonary arteries from veins in birds.
He
found that they did not prevent filling of the capillaries and veins and were helpful in distinguishing

the two (1).
All
possible
combinations
of anastomoses
between the pulmonary
artery,
pulmonary vein and
bronchial artery have been described, but controversy
exists over their importance,
where and under what
conditions
they are found,
and how they form.
Microvascular
casting is the ideal technique to study
this problem.
Microspheres
of specific size can be
used to plug capillaries,
so that only larger vessels
are available for study (11).
Capillaries
Miller found that capillaries
on the pleural
surface were less dense than alveolar capillaries
(62).
With casting studies the capillaries
on the alveolar
surface can be shown to be more compact than those
on pleural surface and peribronchial
regions (9,31,77)
(figure 4). This may result from the developmental
changes occurring
as alveolar capillaries
go from a
double to single layer ( 9). It may also be that the
pleural and peribronchial
structures
arise from bronchial arteries
and alveolar
capillaries
arise from
pulmonary arteries.
The two capillary
systems are
completely
connected
and fill equally
well with
Mercox(R)
regardless
of whether the bronchial
or
pulmonary
arteries
are injected.
The capillaries
within the lung drain into the pulmonary veins.
Capillaries
are the smallest vascular structures,
are uniform in size, have no directionality
and make
up most of the vessels viewed (77, 78), although they
comprise
only about 5% of total lung volume (9).
They have no tapering
or change
in size with
branching
and nuclear impressions
are not usually
found.
Ohtani described
the cut surface capillaries
as forming baskets around alveoli (71).
The size of
the baskets
are larger
and clearer
in emphysema
(figures 4-7).
With light microscopy capillaries
from
most organs and in most diseases look alike.
However, the scanning
images of casts show different
densities,
diameters
and branching
patterns,
and
different
forms in different
disease states (77).
To account
for the low resistance
and high
compliance
of the pulmonary
vasculature
system,
Fung and Sobin proposed a sheet-flow theory (21,22).
Using a model of alveolar blood volume and transit
time they described
the pulmonary capillary
system
as a structure
made up of sheets and posts.
They
considered
the vascular
space to be a continuous
sheet with the endothelial
walls the upper and lower
boundaries
held apart by cellular posts.
However,
Guntheroth and colleagues criticized
their theory and
techniques
(31).
They pointed out that the sheetflow theory assumed that capillaries
are wider than
they are long, which was contrary
to their findings
and the measurements
of Weibel (88).
We found that
alveolar capillaries
branched every 1.07 and pleural
capillaries
branched every 1.6 diameters' length (77).
Alveolar
capillaries
have been described
as
being arranged
in hexagonal
rings (88), although
Hijiya and Okada suggested that they were more frequently pentagonal
(37). The number of spokes does
not appear to change with experimental
fibrosis (77)
or emphysema (79).
The rings appear more square
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Figure 5. The alveolar
rat with elastase-induced

capillaries
surround alveoli in basket shaped structures.
This image was taken from a
emphysema; the alveoli are larger and the baskets are accentuated.
Bar = 100 µm.

with expiration
(37, 77).
Hijiya and Okada showed
that at least some of the central holes were occupied
by alveolar brush cells and type II cells (37). Although the size of the holes, about 4. 2 µ m in normal
rat lungs at low lung volumes (77), is compatible
with the size of a single cell, alveolar brush cells
are too uncommon to be present
in all the holes.
Others have postulated
that these holes are sites of
the pillars of the sheet-flow model ( 9) or the site of
interstitial
contractile
cells (6).
If the latter were
true, then local blood flow could be controlled
by
the contraction
of these cells,
which respond
to
hypoxia ( 46).
Adler and colleagues
have recently
shown that contractile
interstitial
cells are increased
in the lungs of rats with bleomycin-induced
fibrosis
( 2) and we have found that the size of the holes is
increased
in this condition
(77).
In normal lungs we have occasionally
found
localized capillaries
as small as 2.4 µmin diameter,
too narrow for erythrocytes
(77).
Little is written
about such small vessels,
presumably
because they
cannot be seen by any technique other than casting.
Grunt and colleagues noted vessels as small as 3 µm
in lung carcinoma (29,30), but Caduff and coworkers
could find none in the developing
rat lung (9).
Assimacopoulos
and colleagues showed that capillary
size decreases at low lung volumes because of folding
of the lung (6), but the small capillaries
we noted
were too localized to result from low lung volumes
alone.
It is possible that focal endothelial
swelling
caused these changes.
Further study is needed.

Large capillaries
have also been noted in abnormal conditions such as fibrosis (77) or adult respiratory distress
syndrome
(81).
The way the large
capillaries
in fibrosis
develop has not yet been
established,
but they do not appear to be associated
with an increased alveolar-capillary
area surface area
(77).
Blood flow alone could be a factor because
small intraacinar
arteries are found in children dying
of right ventricular
outflow tract obstructions
( 45).
Grunt and colleagues reported
capillary
lakes up to
150 µm in tumor angiogenesis
(29,30).
These structures
are much larger
and may represent
blood
spaces that are vessel precursors.
Branching
Ko1ke and coworkers
measured
the diameters
and lengths of pulmonary
artery
casts by stereomicroscopy
and found that large conduction
vessels
give off obtuse single side branches with nearly the
same diameter as the stem. Conducting
arteries larger than 1 mm ha:ve about 75% and distribution
arteries between 200 and 300 µm have about 50% of
their branches
single.
At a bifurcation,
the average
branch to stem diameter ratio was 0.8 to 0.9 for the
larger branches
and 0.5 for the smaller ones (49).
Lane and colleagues
showed that pulmonary
artery
branches
that come off at obtuse angles had the
same concentric
muscle layer structure
as parent
vessels.
However, branches
that came off at right
angles had spiral muscle bundles and led to nonmuscular precapillary
vessels (54).
In capillaries,
branching occurs at right angles or in Y shapes (77).
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(77).
The junction of capillaries
with veins and
arteries
has not been well studied
in the lung.
Capillaries may flow directly into large veins, but an
equal sized artery first gives off short distributing
precapillary
vessels (figure 8 and 9). Short capillary
segments and dilatation
at capillary bends ( 10) are
other topics that need study in the lung.
Casting may contribute
to studies of rheology
and hemodynamics (figure 10). For example, pressure
conserving
devices such as right angle branching
might be useful in a low pressure system such as the
pulmonary circulation
(80).
If blood flow is laminar
then cells and substances
may remain in a stream for
long distances
without mixing and preferentially
go
to certain
lobes or organs.
Plasma skimming has
been noted for some time (15), but its significance
is
unclear.
Vascular Wall Morphology
Although there is some disagreement
in terminology, pulmonary vessels are classified by their size
and light microscopic
appearance.
Arteries
lying
outside the lung or those exceeding 500 µm in external diameter are called elastic pulmonary
arteries
because their media are predominantly
formed by

magnification
of the
Bar = 100 µm.

Figure 7. Alveolar baskets
in a normal rat.
The
space between capillaries
is less than in figures 5
and 6 because the lungs were cast at a lower total
lung volume.
Bar = 10 µm.
Figure 8. The pulmonary vein up to 80 to 100 um
accepts
capillaries.
This vein has round nuclear
impressions
and circular bands (b).
Bar = 15 µm.
Figure
9.
The pulmonary
artery
has short
distribution
precapillary
segments
(arrows)
before
giving off capillaries.
Bar = 20 µm.
Within alveoli, capillary branching is extensive;
one capillary
supplies more than one alveolus (85).
In the rat, normal alveolar capillaries
have about 16
offshoots per 100 µm length, but pleural capillaries
have only about 11 branches
per 100 µm.
Usually
more than 30 branches
can be traced
within an
alveolar basket without completing the arterial-tovenous path, but complete pleural circuits are shorter
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Figure 10.
constriction

This cast show deep furrows at the bifurcation
(arrowhead)
before the branching.
Bar
10 µm.

elastic fibers.
Intrapulmonary
elastic arteries have
more regular
concentric
elastic lamina.
Muscular
pulmonary arteries have three distinct layers and are
from 1000 µm to 100 µm in diameter.
Arteries with
an external
diameter less than 100 µm (arterioles)
are lined by only a single elastic lamina and have no
media. They are in contact with alveolar oxygen and
become muscular with chronic hypoxia.
Muscular
hypertrophy
increases resistance
to blood flow and is
associated
with pulmonary hypertension.
Pulmonary
veins are usually larger than their corresponding
arteries.
Their media are slightly irregular and their
adventitia
are thick and fibrous so that the separation of these two layers is often poorly defined
(7,34,61).
Reticular
lines are often seen on the casts of
large vessels and may be from endothelial cell junctions or elastin strands.
Circular bands probably
resulting from smooth muscle contraction
are common
in distribution
vessels.
Arteriolization
of veins,
muscularization
of small arteries
and longitudinal
muscle are light microscopic features that are pathologic in pulmonary vessels
and have not yet been
studied by casting.
More information needs to be
gathered about the pits, holes, craters and blebs that
are seen ( 41).
Precapillary
sphincters
have been

of a large

vessel.

Also note

the

circular

evaluated in the systemic circulation
( 4) but not in
the lung.
Partial digestion
is an effective
way to show
structural
components
of larger vessel walls (86)
(figure 11 and 12).
Elastin is resistant
to alkali
digestion and stains with silver so it can be viewed
by backscattered
electron imaging and x-ray energy
dispersive spectrometry.
Putting silver in the rinsing
solution helps outline cell junctions in scanning electron microscopy of tissue ( 41). Although this technique has not been tried with casting, it is possible
that silver or another heavy metal label could be absorbed by the surface of the cast and then detected
by x-ray energy dispersive spectrometry
or backscattered imaging.
This may be of interest in respiratory distress syndrome where capillary leakage occurs.
Neovascularization
Immature alveolar walls are thick and contain 2
capillary
layers (75), but mature septa have single
capillary layer ( 9), often on one side or the other of
the alveolar wall (86).
Caduff and colleagues used
MercoxCR) to show the transformation
from the double to the single configuration
occurs in the third
postnatal
week in the rat.
However, remnants of
double capillaries
remain in the adult lung at the
ends of the septa.
The fusing of the two capillary
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Figure 11. This systemic vein is partially
digested.
The remaining reticular
structures
are most likely
elastin fibers (arrows).
Bar = 10 µm.
Figure 12. This systemic artery is partially digested.
Botlithe
muscular media ( M) and the inner elastic
lamina (arrows) are visible.
Bar = 10 µm.
layers may cause capillaries
around the alveoli to be
denser than around the bronchi and pleura (9).
In
rats from birth to 4 months of age, the alveoli increase about twenty-fold
but the capillary
volume
increases
about 35 times and the capillary
meshes
become smaller.
Therefore,
new capillaries
must be
formed faster than other lung elements during this
time (9).
How vessels form, how lumina develop and
how new segments are integrated
into the vascular
system are important questions of vasculogenesis
for
casting studies.
Capillaries of the second postnatal
week may be more susceptible
to leakage (9), because
their basement
membrane is still developing
(8).
During the third week the ring structures
appear in
the alveolar capillaries
with a central hole diameter
of 1 um or less.
After three more weeks, the size
of the holes is from 50 to 100% of the capillary
diameter ( 9) .
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Tumor growth must be associated
with angiogenesis,
so understanding
this process might allow
control of neoplasia.
Grunt and colleagues injected
Lewis lung carcinoma into the axilla of mice and observed the development of the tumor vascular system
with vascular corrosion casts.
The first reaction to
the tumor is dilatation
of the host blood vessels,
possibly as an inflammatory
reaction to the foreign
tumor cells.
Sinusoids up to 150 um in diameter may
develop.
On the venous side of the dilated capillaries globular outpouchings
grow with large intercellular gaps and leaky endothelium.
Blood channels from
the tumor grow to meet the host vessels and develop
into radially oriented vessels that become stretched
as they invade the host tissue.
As they mature,
many neoplasms outgrow their vascular
supply and
develop necrotic
centers with compressed
and blind
ending vessels.
Distal to the avascular center of the
tumor, large vessels with capillaries
continue to grow
into the surrounding
host tissue.
The vascular cells
of neoplasms are less differentiated
so that often tumor arteries
cannot be distinguished
from veins (29,
30).
The casts of forming capillaries
are nodular
elongating protuberances
often with bulbous tips ( 9) ,
although frequently
they do not fill well.
Casting
combined with transmission
electron microscopy, tissue localizing techniques
and measurements
of substances such as growth factors, fibronectins
and proteoglycans,
will help to develop this exciting field.
Lymphatics
Lymph vessels are found in the loose connective
tissue beneath the pleura, the interlobular
septa, the
perivascular
and peribronchial
tissue and within the
walls of the bronchi and large vessels
(84).
Although the lymphatic system is important in pulmonary edema, lung cancer and many other diseases,
few casting studies have been done on them in the
lung.
Von Hayek showed the blind sac beginnings of
these vessels at the level of the respiratory
bronchioles.
After the transition
from bronchioles
to
bronchi and in the pleura, valves can be noted in
the lymph vessels.
When the lymphatic network beneath the pleura is injected,
individual vessels may
be as large as 500 um (84). Finding casting material
in the lobular boundaries
may be an artifact because
injected material will spread to the loose connective
tissue in this area (62), but will not have the same
appearance
at intravascular
lymphatic casts.
Blind
ends should not be found in the pleural lymphatics
(84).
Dilly used ICI-Tensol cement #10 to cast the
airway and found this material in the superficial
lymphatics
(16).
Batson's casting material (16) and
methacrylate
monomer (53) also penetrate endothelial
walls and are picked up by the lymphatics.
If fixatives are omitted the endothelial barrier may be more
permeable to casting material (89).
Diseases

and Experimental

Conditions

Several investigators
have shown a decrease in
lung capillaries
when newborn animals are exposed to
hyperoxia (74) or hypoxia (38). The decrease in capillaries and small arteries
found in hyperoxic
newborn rats returned to normal when the animals resu med atmospheric living conditions.
Roberts and colleagues concluded that the recovery in the number of
capillaries
in the alveolar wall was brought about by
new capillary
growth.
Because these findings are
controversial
(74), scanning studies of methacrylate

casts

may help settle this important issue.
In lung fibrosis inflammation and collagen deposition in the interstitium
disturb
the capillaryalveolar relationship.
Casts of the microvascular
structure
have been made in only a few models of
fibrosis.
Hijiya noted strictures
in pulmonary
arteries
(36).
Capillaries
become larger
with
irregular
dilatations
(77), but how the globular
capillaries
form remains to be determined.
The essential
component of pulmonary emphysema is alveolar destruction.
The capillaries
in
lungs made emphysematous
by elastase
have large
alveolar baskets
and end abruptly
near areas of
destruction.
Stretch creases
suggesting
weakened
alveolar walls are pronounced.
Decreased
elastic
recoil is more evident than capillary
loss in mild
emphysema (79).
Emphysema may be caused by the
release of proteolytic
enzymes from host leukocytes.
The leukocytes
may stick to the surface of small
blood vessels; sequestered
leukocytes
may discharge
their enzymes and cause the lung destruction
( 44).
Casting the microvasculature
with reduced rinsing,
fixing through the airways and using a low viscosity
resin might better preserve adherent cells for study
of their impressions.
Although scores of works have been published
on the structural
changes of pulmonary hypertension
by filling the arterial
tree with barium, little has
been done with scanning
electron
microscopy
of
casts.
Physiologic topics can also be advanced by corrosion casting studies.
West and colleagues theorized
that the pulmonary
arterial,
venous and alveolar
pressures
controlled
the blood flow in the lung and
discussed conditions
or zones where different pressures were dominant.
Zone one is the condition
where the alveolar
pressure
is greater
than the
pulmonary arterial pressure
and blood flow does not
take place.
Zone two is the condition where arterial
pressure is greater than alveolar, but alveolar pressure is greater than venous pressure so that the limiting factor to blood flow is the difference
between
the arterial
and alveolar pressures.
Zone three is
the condition where the arterial is greater than the
venous pressure
which is greater than the alveolar
pressure,
so that flow is determined
by the difference between the arterial
and venous pressures.
Since pulmonary blood flow is dependent on gravity,
more of the top of the lung will have zone one conditions and the bottom will have zone three conditions (90).
However, blood flow studies have also
shown that a zone four exists, where flow is reduced
at the base of the lung in spite of gravity
(5), a
finding that has never been satisfactorily
explained
(32).
Glazier and coworkers
quick froze lungs of
dogs and found capillaries
were collapsed and measured only 1.99 to 2.8 um in perfusion zone one. The
average capillary
diameter increased
from 2 .8 to 5
um from the top to the bottom of zone two.
In
zone three, the capillaries
increased
from 3. 7 to 6. 5
um in diameter (27).
These results have not been
compared to cast measurements.
A cast finding that
might account for the zone four phenomenon is that
short capillary circuits may allow blood to bypass the
periphery
in this low pressure
system.
Hijiya and Okada noted more blind ends in the
subpleural areas which they suggested resulted from
thrombi (37). However, these areas fill less well and
have less supporting
structure
so that capillaries
are
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more likely to be pinched
off by the increasing
alveolar size with inspiration.
Structural
changes in
the blood vessels at different lung volumes may affect blood flow.
Krahl noted the branching
angles
of small vessels changed with respiration,
but the
most peripheral
vessels
have smaller variations
in
branching
angles
with respiration
because
they
encompass fewer expanding
alveoli (50).
Wang and
Ying showed that interweaving
elastic fibers could
constrict
capillaries
at different
lung volumes and
account for blood flow changes with respiration
(86).
Quantitative
Casting
Makmg measurements
of three-dimensional
images is not a well-developed
science, but it has great
application
not only to scanning electron microscopy
but also to computerized
tomography, magnetic resonance imaging and other systems.
Angle measurements are untrustworthy
(78), but branching frequency may be accurate if branches that come off opposite the electron
collector
are not hidden.
It is
possible to identify
patterns
of branching
and to
compare their frequency
in different
sized vessels
(78).
Photogrammetric
techniques
have been useful
for measuring distances and branching angles (3), but
the stereoscopic
measurements
are cumbersome for
large projects.
Computer measurement of distances
and angles in stereoscopic
images is an important
technology that needs to be developed.
The volume of the casts should be recorded and
is a measurement of the adequacy of filling.
Lametschw andtner
and colleagues suggested
weighing the
cast to determine the potential blood volume of the
organ.
The volume of blood equals the weight of
cast divided by its density
after accounting
for
shrinkage.
Density can be calculated
by weighing
and measuring
the volume of the specimen or by
floating it in a salt solution of known density (53).
Morphometric estimates of density are only val id for two-dimensional
images (88).
Scanning electron microscopic
images of casts can be made twodimensional
by slicing them and counting only the
cut surfaces (figure 13). Placing casts in polyethylene glycol or water and solidifying
the media may
help obtain even surfaces.
However, data can be
obtained
for comparative
studies by carrying
out
morphometry on the area of the image in focus (77).
The depth of focus can be calculated by knowing the
final aperture,
the accelerating
voltage
and the
working distance
(28).
The morphometric
measurements of planar surfaces need to be compared with
the three-dimensional
scanning images. The study of
casts can be combined with light and transmission
electron
microscopy
with only occasional problems.
The hard methacrylate
in the soft paraffin block may
cause uneven sectioning.
Methacrylate
was used as
an embedding
material
for transmission
electron
microscopy
(24), so thin sectioning
of specimens
which contain cast should be possible.
A new tool for quantitative
microvascular
casting is image analysis.
Gray level image analysis
gives a relative measurement of the vascular density
of cast micrographs.
The scanning electron microscopy images can be divided into a large grid and a
level of gray assigned to each square (pixel).
The
optimal gray level to separate the regions in focus,
and cause them to appear white, from regions out of
focus, and cause them to appear black, can be established before and kept constant
during the study
(figure 14). The ratio of the white area to the total
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area is then an index of vascular
density.
This
method may be better than point counting on scanning electron micrographs because differences
in the
latter by different
observers
are sometimes marked
(79).
However, the image analysis is more sensitive
to photographic
variation in contrast and brightness
and the electron
microscope
settings must be kept
constant during the study.
If capillary
density is
measured at low magnification,
an estimate of the
general vascularity
is obtained.
The conducting
airways, central
areas of the alveolar baskets
and
focally destroyed
areas may appear black.
At the
higher magnification,
only the capillaries
are white
and the space between them is black.
In early
emphysema, however, a greater change occurs with
the size of the alveolar
basket
than the space
between capillaries.
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Figure 13.
The two-dimensional
cut surface of a
cast
can be used
for standard
morphometric
measurements.
Bar = 20 µm.
Figure
deeper
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14. This is a binary
structures
(baskets)

image of figure
appear black.

6.

The

D. E. Sc hraufnagel
A problem that has not yet been satisfactorily
worked out is accounting
for the change in density
when lung volume changes.
Most diseases
change
the elastic properties
of the lung and cause a change
in the lung volume which causes an apparent
change
in the vascular
density because of the volume alone.
In morphometry
planar measurements
are corrected
by a cubic factor to find volume when the surface
area is known.
However, the scanning image is not
planar,
so this correction
is not valid.
Conclusions
The scanning electron microscopic
study of vascular casts from which part or all the tissue has
been corroded
is a promising
technique
to study
many problems of microvascular
anatomy.
Although
many studies
have been done, this method is only
beginning
to answer a variety of questions about the
structure,
growth and development
and pathologic
changes of the microcirculation
of the lung.
It can
give important
information
about many physiologic
phenomena.
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Discussion

From Reviewers

N. S. Wang: As you have discussed in detail, all methodologies in microvascular
casting of the lung have
some flaws. A standardized
method, even if it is imperfect, however, will make the results obtained from
different researchers
and different diseases comparable. Would you recommend such a method presently?
Author: I am not able to clearly recommend a methoaatpresent.
As stated the best methods have not
been established
and no doubt research
on these
techniques
will continue
to show us how to obtain
better results.
However, as Lametschwandtner
and
colleagues (53) have emphasized,
complete statement
of the details of the methods is necessary.
Second,
comparison of differences
of coded controls treated
the same as the lungs of interest will help overcome
imperfect
methods.
The level of lung inflation may
depend on the question to be studied.
I do not yet
have recommendations
for vascular lavage or fixation
but am studying these procedures.
Determining
the
best method of digestion
is an important
question
that I would like to see studied.
Our digestion time
is longer
than what most investigators
report,
probably because we use fixatives,
macerate at room
temperature
and have not allowed autolysis
to take
place before using the corroding
agent.
A. Lametschwantdner:
This excellent
review paper
would be stlll better for comparative
anatomists and
physiologists
if studies done on submamalian species
would have been included.
Author: I agree.
As you know, the first casting
study for SEM was on the avian lung (68) and
studies
have been done on amphibions
and fish
(53,92,94,95).
However, reviewing
this is a large
undertaking,
perhaps for someone else.
A. Lametschwandtner:
The gray level imaging described has to be taken cautiously
since it may lead
to a wrong estimation of vascular densities
unless a
very
thin
(ideally
two-dimensional)
area
is
investigated.
Author: Yes, morphometry
has been established
for
two dimensional
images.
At present the gray scale
analysis
may give a comparative
index of vascular
density,
but how this compares to volumes obtained
by morphometry
or other means still needs to be
determined.
Since the preparation
of this manusript, Nelson has reported a comparison of the image
analysis with frozen techniques
and estimated lung
vascular
surface area per unit volume (96).
Much
work on quantitative
casting needs to be done.
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S. Dilly: Figure J. shows casting material in a large
vessel which has been sliced to illustrate
its hollow
center
as an example of incomplete
filling.
How
commonly do you think this occurs and would it be
entirely missed without slicing? If incomplete filling
can produce an externally
normal but hollow vessel,
this would make weighing the cast or assessing
its
volume of little use for calculating
blood volume.
Author: Pictures
similar to that in figure 1 are rare
and shown only to illustrate
the affinity of methacrylate
for the vessel wall.
I do not know of any
study comparing the blood volume of the lung determined by casting to that determined by other means,
such as dye dilution or radioactive
tracers
(34).
I
think casting will show a higher blood volume because the pulmonary vascular
system is more completely filled by this method than it is in vivo where
many capillaries
are collapsed.
---

bronchial vessels can be inferred by their location
around large bronchi and small size as we show in
figure 3. However, to be sure, the cast major airways of a large animal where only bronchial vessels
exist must be isolated.
This has been done and is
pictured
in an excellent
review of the bronchial
vessels which has been published since the preparation of this manuscript
(93).
Additional

Reviewer IV. How can you distinguish
bronchial and
pulmonary vessels with casts?
Author: Cast differences
between pulmonary and
of casting

on linear

intercept

measurements

In Saline Animals
No Cast
Number of linear
intercept
measurements
Linear

intercept

Alveolar surface
area (m2)

(um)

[S.D.]
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Reviewer IV: What is the effect of casting on the
measurement of linear intercepts?
Author: The answer depends partly on the condition
oitiie lung.
Cast filled capillaries
are easier to
count and therefore,
the number of alveolar septa
counted crossing the test line are greater (Table 1).
This becomes statistically
significant when calculating
the alveolar surface area in elastase-induced
emphysema in the rat, but not in saline control animals
(79).

Table 1. - Effect

Casting

In Elastase

Cast [S.D.]

No Cast

[S.D.]

Animals
Cast [S.D.]

140

240

40

280

63. 9 [16.4]

66.3 [16.8]

81.8 [18.3]

76.6 [27 .9]

0.43 [0.10]

0.43 [0.10]

0.33 [0.08]

0.41 [0.10]
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